Solvent properties of temperature-responsive polymer, poly (N-isopropylacrylamide) [PNIPAAm], in the aqueous solution was evaluated from the fluorescence spectra of probe molecules, l-phenyl-N-naphthylamine and 8-anilinonaphthalene sulfonate, With increasing in the concentration of PNIPAAm, the fluorescence intensities of the probes increased and the wavelength for the maximum emission shift to be shorter. From the correlation between the fluorescence intensity and PNIPAAm concentration, the extent of the probe distributed into the polymer media and its fluorescence intensity were successfully determined.
Aqueous solutions of a water-soluble polymer, poly(N-isopropylacrylamide) (PNIPAAm) , when subjected to an increase in temperature, becom turbid over a narrow temperature range, which i referred to as their lower critical solution temperatur (LCST) .1-3 Above the LCST (ca. 34°C), the polyme becomes water-insoluble, and then, forms gum-lik precipitates (polymer phase) which is separated fro bulk aqueous solution (aqueous phase containin negligiblle fractions of the polymer. In contrast, th polymer phase becomes water-soluble below th LCST. Therefore, we can reversibly conduct its precipitation and solubilization by warming or cooling the solution.
Such thermo-responsive properties of PNIPAAm have been studied with a view to establish th methodologies for the recover or the concentration o biomolecules, such as enzymes, antibodies, cell receptors and DNAs, on the basis of the bio-affinity between biomolecules and PNIPAAm-conjugated biomolecules. [4] [5] [6] Recently, we used the precipitation phenomena of the thermo-responsive polymers, PNIPAAm an poly(vinylmethyl ether), to design a kind of efficien extraction system (polymer-mediated extraction) fo hydrophobic compounds such as poly-aromati hydrocarbons, steroid hormones, and lipids.?-1O Tha is, in aqueous polymer solution, any hydrophobi materials present will be solubilized and incorporated into the thermo-responsive polymer assembly.
The advantage in the use of the polymer-mediate extraction is in the ability to concentrate a variety o hydrophobic analytes (with high concentratio factors) by very simple and rapid procedures. Th polymer precipitates could be condensed to a smal piece of paste-like solid (polymer phase), which ca be easily taken up from the solution, by just heatin and shaking the solution for a few seconds. However, the limitation in the application of the polymer-mediated extraction is still obscure, because the properties of the polymer media as an extracting solvent is unclear.
The polar properties of the media would influence the distribution ratios, the recoveries and the concentration factors of analytes. The recognition about the solvent properties of PNIPAAm is essential to predict the selectivity in the extraction of analytes from matrix components.
In this study, we evaluated the properties of the polymer phase of PNIPAAm as an extracting solvent.
The polar properties of hydrated polymer media was evaluated by comparing the spectra of some probe molecules dissolved in the aqueous solutions of PNIPAAm with those in some organic solvents.
Experimental
PNIPAAm (average molecular weight; ca. 2,300) was synthesized by Hoffman's method.13 Fluorometric probes, l -phenyl-N-naphthylamine (AN) and 8-anilinonaphthalene sulfonate (ANS), were purchased from Tokyo Kasei Co. Ltd. The former was triplicate recrystallized before use. The fluorescence spectra of AN and ANS in the aqueous solutions containing several amounts of PNIPAAm were measured using a Jasco spectrofluorometer FP-777 with a 1-cm quartz cell, which the cell position was thermostated at 298 ± 1 K.
Results and discussion
Fluorescence reagents, 1-phenyl-N-naphthylamine (AN) and 8-anilinonaphthalene sulfonate (ANS) (shown in Fig. 1 ), are well known probes whose fluorescence intensities are responsible to the hydrophobic properties of media. Figure 2 shows the fluorescence spectra of AN and ANS in the aqueous solution with and without PNIPAAm, where the Yaxis means the relative fluorescence intensity against the intensity in the pure aqueous solution. Significant increase in the fluorescence intensity and blue shift in the wavelength of the maximum emission indicate that these probes locate portions considerably hydrophobic rather than the aqueous solution.
The precipitation of PNIPAAm above LCST is explained by the dissociation of hydrated water molecules from the surface of the polymer.1-3 Obviously, the precipitates are more hydrophobic when compared with the aqueous solution. However, the remarkable increase in the fluorescence intensities of the probes strongly suggests that the hydrated polymer media in the aqueous solutions already provide hydrophobic portions before conducting the polymer precipitation.
Since the efficiencies in the extraction of compounds would be reflected by the natures of the polymer phase, the clarification of solvent properties of the polymer phase would be essential for obtaining criteria to design the polymer-mediated extraction.
If the fluorescence spectra of AN or ANS in the polymer phase are compared with those in different solvents, the polar properties of the polymer phase may be quantitatively evaluated. Figure 3 shows the relative fluorescence intensities of AN and ANS as a function of the concentration of PNIPAAm, where the relative intensities in the aqueous solution are defined to be unity. The fluorescence intensities of them obviously increased with increasing the concentration of PNIPAAm. This fact indicates that these probes locate at hydrophobic media rather than the bulk aqueous solution and that the fractions of the probes incorporating the polymer media increase with increasing the concentration of PNIPAAm. The probes are partially distributed into the hydrated polymer media, probably due to the small distribution ratio of the probes and to the very low volume fraction of the polymer media.
When a probe is dissolved in the aqueous solution of PNIPAAm, we can consider the model that the probe is distributed between bulk aqueous solution and the hydrated polymer media as illustrated in This fact indicates that the hydrated polymer media, where AN locates, have the solvent properties similar to 1-propanol.
Previously, we evaluated the solvent properties of precipitated PNIPAAm by measuring the spectra of the spectrophotometric probes, 1, 3, 5-triphenylpyrodinium-N-phenolate inner salt (button) and 1-ethyl-4-carbomethoxypyridinium iodide. ET(1) and Kosower's Z values representing polarity of the solvent were 257 and 333 kJ moP, respectively. 16 These values indicated that the precipitated PNIPAAm containing considerable amounts of water had properties similar to methanol or ethanol, when it was regarded as an extracting solvent.
The polar properties of hydrated PNIPAAm evaluated in this study seems to be almost identical to those of the precipitated polymer. The small recoveries of relatively less hydrophobic compounds or the great distribution ratios of certain ion-pairs8.16 would be explained by this extremely high polarity; small difference from the polarity of water, of the polymer media among water-inmmisible solvents.
Finally, the hydrated polymer and its thermoresponsive properties may be comparable to the nonionic micelles and their temperature-induced phase separation system. The phase separation of nonionic micelles has been extensively used for the concentration of hydrophobic compoundsl7-2o However, relatively hydrophilic compounds are also predominantly incorporated into the micelles or the Fig, 4 Illustration of the distribution model of a probe between bulk aqueous and hydrated polymer phases. Fig, 5 Plot of Eq. (6).
-M ANALYTICAL SCIENCES VOL. 13 SUPPLEMENT 1997 surfactant-rich phase,21 being ascribable to the heterogeneous structures of micellar aggregates where very hydrophobic portions (micelle core) also provide as well as relatively hydrophilic micellar surf aces. 22 In contrast, very hydrophobic properties for uncharged compounds or special combination of ion-pair for charged species seems to be neccessary for efficient recoveries into the polymer phase having highly polar properties as being appeared in the present study.
Therefore, the polymer-mediated extraction would provide highly selective method for concentrating highly hydrophobic compounds or ionpairs. 
